We calculate from first principles the I-V characteristics of Fe/MgO/Fe(100) tunnel junctions. In particular we compare the zero-bias transmission with self-consistent calculations at finite bias. In the case the magnetizations of the two Fe layers are parallel to each other, at small bias there is a significant contribution to the transmission coming from the minority spin channel. This is due to a sharp resonance in the transmission coefficient close to the Fermi level, originating from a surface state. As a bias exceeding 25 mV is applied, the surface states get out of resonance and the current through the minority spin channel saturates, so that the current flows mainly through the majority channel. The same effect is not present for the antiparallel alignment of the magnetization with the net result of large TMR at low bias, which then saturates for a bias larger than 25 mV.
INTRODUCTION
Fe/MgO/Fe(100) tunnel junctions have a large tunneling magnetoresistance (TMR) of up to 180% at room temperature [1, 2] . Therefore these are promising candidates for device applications as magnetic read heads and MRAM. Theoretical spin-transport calculations in the linear response limit predict extremely large TMR values [3, 4, 5] . The calculations have shown that for thin junctions with only 4 MgO monolayers resonant surface states contribute significantly to the current at zero bias. Non-self-consistent calculations where the bias is introduced as a rigid shift of the density of states of the two magnetic electrodes predict a decrease of the TMR at very small bias [6] . This can be attributed to the surface states getting out of resonance. Here we investigate the current versus voltage behavior by calculating selfconsistently the potential drop across the junction for an applied bias voltage. The dependence of the current through the surface states over the applied bias voltage is analyzed.
THEORY
The transport characteristics are studied with our newly developed code SMEAGOL [7] . SMEAGOL interfaces the non-equilibrium Green's functions (NEGF) method with density functional theory (DFT) using the numerical implementation contained in the SIESTA code [8] . The NEGF method splits up a two-terminal device into three regions, a semi-infinite left lead, a scattering region and a semi-infinite right lead. The key aspect is that it is possible to absorb the effects of the leads over the scattering region by means of the so-called self-energies Σ L and Σ R , respectively for the left and right lead. These are non-hermitian matrices. When added to the Hamiltonian for the scattering region H S , this describes the scattering region in the presence of the leads. The single particle Green's function for the scattering for one dimensional systems region is then
where S S is the overlap matrix of the scattering region, and the self-energies
are functions of the energy E and of the applied bias voltage V. A self-consistent procedure [7] can be designed to evaluate the actual form of the Hamiltonian H S which in DFT depends on the non-equilibrium charge density and therefore on the voltage V. Once this is evaluated the transmission coefficient
where
The current I(V) is then calculated as
where the function f(x) is the Fermi-Dirac distribution function, k B is the Boltzmann constant and T is the temperature. If the system is periodic perpendicular to the transport direction (as is the case in the Fe/MgO/Fe(100) junction) then Bloch's theorem can be applied in the plane. All quantities given in equations (1)- (3) then depend on the wave vector k = (k x , k y ) in the two-dimensional Brillouin zone (BZ) perpendicular to the transport direction. In particular the total transmission T(E,V) is now obtained by integrating the k-point resolved transmission T(E,V;k x ,k y ) over the BZ
where BZ Ω is the area of the BZ. We calculate the transmission properties for a Fe/MgO/Fe(100) junction where the MgO barrier is 4 monolayers thick. The coordinates used in our calculations are the same as in reference [3] . The SIESTA basis set for Fe is double zeta (DZ) for the s angular momentum (cutoff radius for the orbital r c = 7 bohr), single zeta (SZ) for the p (r c = 7 bohr), and DZ for the d (r c = 5.6 bohr). For O and Mg the basis is DZP-s (r c = 6 bohr), DZ-p (r c = 6 bohr). The generalized gradient approximation (GGA) for the exchange correlation potential as parameterized in reference [9] has been used.
DISCUSSION

Zero bias voltage
In figure 1(a) the zero-bias transmission coefficient T(E,V = 0) is shown for the parallel and antiparallel configuration of the Fe leads, and both the majority and minority spins (in the antiparallel case majority and minority refer to the magnetic orientation of the left lead). For the antiparallel configuration only the transmission for the majority is shown, since at 0 bias voltage majority and minority have the same transmission coefficient by symmetry. The transmission for the majority spin in the parallel case is approximately independent of the energy, whereas the minority has an enhanced transmission close to the Fermi energy. The peak in the transmission is due to a resonant surface state in the minority spin near the Fermi energy. Figure 1(b) shows the charge density for energies between -100 meV and +100 meV around the Fermi energy for majority and minority spins in the parallel configuration. The minority sub-band has an enhanced density located between the Fe and the first MgO layer, which corresponds to the surface state. Our results compare well with previous calculations [3, 4] . We have however to consider that the actual position of the transmission peak is probably slightly different in all the three calculations. This may be due in part to the fact that in the present work the GGA is used for the exchange correlation potential, whereas in the previous works the local density approximation (LDA) was used. The two exchange and correlation functionals give a somewhat different band structure near the Fermi energy for Fe, and this probably results in a shift of the surface state with respect to E F . In the antiparallel configuration the conductance is always lower than for the parallel configuration, but the signature of the surface state can again be found in a tiny enhancement of the transmission near the Fermi energy. In order to get a better understanding of the surface state, figure 2 shows the k-point resolved transmission coefficient T(E, V = 0;k x ,k y ) as a function of k x and k y in the 2-dimensional Brillouin zone perpendicular to the transport direction for different energies. These range from meV 50 − to meV 75 − with respect to the Fermi energy. In the parallel configuration the majority spin ( figure 2(a) ) shows no dependence over the energy, whereas the minority ( figure  2(b) ) clearly shows the signature of the resonant surface state. In fact the figure demonstrates that the magnitude of the transmission depends strongly on the energy. Moreover it is also extremely sensitive to the actual k-point in the 2D Brillouin zone. The transmission coefficient for the antiparallel configuration ( figure 2(c) ) is essentially a convolution of that of the majority and that of the minority spin for the parallel alignment. Figure 3 shows the I-V curve for the parallel and antiparallel configurations of the leads, while in the inset we present the resulting TMR. For the majority spin in the parallel configuration there is an ohmic linear dependence of the current over the voltage. In contrast the minority spins give a large contribution to the current at bias voltages smaller than approximately 25 meV, and then the current saturates. This clearly shows that the large transmission in the minority spin channel is only found near zero-bias, when the surface states on both sides of the MgO spacer are in resonance. A small bias is sufficient to bring these states out of resonance.
Finite bias voltage
In the antiparallel case the current rises up, although the slope decreases with bias. This indicates that the current mainly flows through the surface state. The saturation occurs when the surface state is fully charged. The layer resistance at 100 mV is about 1 2 µ m Ω for the parallel configuration, and 6 2 µ m Ω for the antiparallel. To our knowledge there are no experimental values of the resistance for junctions thinner than about 6 MgO monolayers (ML) [1] . The value for 4 ML (the one calculated here) can be extrapolated from figure 2(b) of reference [1] to be about 6 2 µ m Ω for both the parallel and for the antiparallel configurations. This value is of the same order of magnitude than that obtained in our calculations.
The inset of figure 3 shows the TMR as function of the applied bias. The TMR is defined as
, where I P is the current in the parallel configuration and I AP is the current in the antiparallel configuration. For small biases the TMR is very large, exceeding 1500%, due to the contribution of the resonant transmission of the minority spin current in the parallel configuration. It then decreases and reaches a minimum value of just below 500% for a bias of about 60 mV. Finally the TMR rises again since the differential conductance is approximately constant for the parallel configuration, whereas it slowly decreases for the antiparallel. Experimentally the TMR for a 4 ML junction can be extrapolated from figure 2(c) of reference [1] to be of the order of 50%. This is smaller than our calculated value, that we have obtained assuming an ideal, perfectly epitaxial, junction. It is expected that in reality the presence of defects in the barrier and at the interface may decrease the device polarization and therefore the TMR. These effects are not included in our calculations. 
CONCLUSIONS
We have calculated from first principles the I-V characteristics of an ideal Fe/MgO/Fe(100) tunneling junction. Our method allows us to evaluate self-consistently the potential drop across the junction, and therefore to follow the evolution of the surface states under bias. The calculated zero-bias transmission coefficient largely overestimates the contribution of the minority spins to the current in the parallel configuration. These contribute significantly to the current only up to bias voltages of about 25 mV, above which the surface states are out of resonance. This leads to an enhanced TMR at low bias voltages and to a saturation value of about 500% for V larger than 25 mV.
